Abstract. The dynamics of pervasive ecosystems are typically highly unpredictable, and therefore self-organising approaches are often exploited to make their applications resilient to changes and failures. The SAPERE approach we illustrate in this paper aims at addressing this issue by taking inspiration from natural ecosystems, which are regulated by a limited set of "laws" evolving the population of individuals in a self-organising way. Analogously, in our approach, a set of so-called eco-laws coordinate the individuals of the pervasive computing system (humans, devices, signals), in a way that is shown to be expressive enough to model and implement interesting real-life scenarios. We exemplify the proposed framework discussing a crowd evacuation application, tuning and validating it by simulation.
Introduction
The increasing evolution of pervasive computing is promoting the emergence of decentralised infrastructures for pervasive services. These include traditional services with dynamic and autonomous context adaptation (e.g., public displays showing information tailored to bystanders), as well as innovative services for better interacting with the physical world (e.g., people coordinating through their PDAs). Such scenarios feature a number of diverse sensing devices, personal and public displays, personal mobile devices, and humans, all of which are dynamically engaged in flexible coordinated activities and have to account for resilience when conditions change. Recent proposals in the area of coordination models and middlewares for pervasive computing scenarios try to account for issues related to spatiality [12, 14] , spontaneous and opportunistic coordination [1, 8] , self-adaptation and self-management [20] ; however, most works propose S. Montagna et al.
ad-hoc solutions to specific problems in specific areas, and lack generality. The SAPERE project ("Self-adaptive Pervasive Service Ecosystems") addresses the above issues in a uniform way by means of a truly self-adaptive pervasive substrate; this is a space bringing to life an ecosystem of individuals, namely, of pervasive services, devices, and humans. These are coordinated in a self-organising way by basic laws (called eco-laws), which evolve the population of individuals in the system, thus modelling diverse mechanisms of coordination, communication, and interaction. Technically, such eco-laws are structured as sort of chemical reactions, working on the "interface annotation" of components residing in neighbouring localities-called LSA (Live Semantic Annotation).
A notable application of the proposed approach is in resilient crowd steering applications, in which a crowd is guided in a pervasive computing scenario depending on unforeseen events, such as the occurrence of critical events (i.e. alarms) and the dynamic formation of jams. We exemplify the approach in a crowd evacuation scenario, providing its set of eco-laws and validating it via simulation.
The remainder of the paper is organised as follows. In Section 2 we give a brief overview of the SAPERE approach and general architecture. Section 3 examines in detail the language for eco-laws. Section 4 describes the concrete example of crowd evacuation application, which is then validated in Section 5 by simulation. Related work and conclusions wrap up the article.
Architecture
The SAPERE approach is inspired by the mechanism of chemical reactions [24] . The basic idea of the framework is to model all the components in the ecosystem in a uniform way, whether they are humans perceiving/acting over the system directly or through their PDAs, pervasive devices (e.g., displays or sensors), or software services. They are all seen as external components (i.e., agents), reifying their relevant interface/behavioural/configuration information in terms of an associated semantic representation called Live Semantic Annotation (LSA). To account for dynamic scenarios and for continuous holistic adaptation and resilience, we make LSAs capable of reflecting the current situation and context of the component they describe. As soon as a component enters the ecosystem, its LSA is automatically created and injected in the SAPERE substrate, which is a shared space where all LSAs live and interact. Topologically, this shared space is structured as a network of LSA-spaces spread in the pervasive computing system and containing the LSAs of the associated components, each hosted by a node of the SAPERE infrastructure. Proximity of two LSA-spaces implies direct communication abilities.
Each LSA-space embeds the basic laws of the ecosystem, called eco-laws, which rule the activities of the system by evolving the population of LSAs. They define the policies to rule reactions among LSAs, enforcing coordination of data and services. LSAs (and thus their associated data and services) are like chemical reagents in an ecology in which interactions and composition occur via
